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Abstract 
This study presents new major and trace element, plus Sr–Nd and zircon U–Pb isotope data for 
the Zhongcang granitic plutons, which are located to the south of the Yongzhu–Asuo ophiolite 
belt within the northwestern part of the central Lhasa subterrane, Tibetan Plateau. These data 
provide new insights into the Late Cretaceous tectonic evolution of southern Tibet. The 
Zhongcang plutons are dominated by granodiorites and granites that yield zircon U–Pb 
emplacement ages of 94–88 Ma. They can be further divided into metaluminous and 
peraluminous subtypes. The metaluminous rocks have adakite-like geochemical signatures, 
including high SiO2, Al2O3, and Sr concentrations, and low Yb and Y concentrations, and high 
Sr/Y and (La/Yb)N ratios. These rocks also have negative Nd(t) values (−3.17 to −0.17), variable 
initial 
87
Sr/
86
Sr(i) ratios (0.705927–0.707668), and high K2O and Th concentrations, suggesting 
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that they were not derived from the partial melting of subducted oceanic crust in an arc setting. 
The Zhongcang adakitic rocks have higher MgO and Cr concentrations and Mg# values than do 
contemporaneous intrusive rocks derived from a region of thickened lower crust within the 
central Lhasa subterrane. These data suggest that the Zhongcang adakitic rocks were generated by 
the partial melting of a delaminated thickened lower crust within a Late Cretaceous continental 
setting. In comparison with the Zhongcang adakitic rocks, the peraluminous rocks have 
significant negative Eu and Sr anomalies and lower Nd(t) values (−4.06 to −6.64). This, 
combined with their high Mg# values, and Cr concentrations, suggests that the peraluminous units 
formed from primitive magmas similar to those that formed the Zhongcang adakitic rocks, but 
modified by contamination with ancient crustal material and by fractional crystallization of 
plagioclase and apatite during uprising and/or emplacement. The Zhongcang high-Mg# granitoids 
provide robust evidence for Late Cretaceous crustal thickening prior to India–Asia collision. 
 
Keywords: High-Mg# granitoids, adakitic rocks, Late Cretaceous, crustal thickening, southern 
Tibet.  
 
1. Introduction 
Details of the timing and mechanisms of the Tibetan Plateau was constructed remains a 
subject of debate. The generally accepted model of Tibetan Plateau formation assumes that the 
thickened crust and high elevation in the Tibetan region are the consequences of the Cenozoic 
collision of India with Asia (e.g., Zhang et al., 2002; Quade et al., 2007; Clark, 2011; Hetzel et al., 
2011). However, recent researches imply that significant N-S crustal shortening of the Lhasa 
terrane may have also contributed to the current elevation of the plateau (e.g., Murphy et al., 1997; 
Yin and Harrison, 2000; Kapp et al., 2003, 2005, 2007; Volkmer et al., 2007; Sun et al., 2015a). 
The Tibetan Plateau is a geological amalgamation of several continental collision events since the 
Early Paleozoic, and the Lhasa terrane was the last continental slice accreted onto the southern 
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margin of this plateau during the Late Mesozoic (e.g., Yin and Harrison, 2000; Zhu et al., 2011). 
Subsequently, the collision of the Lhasa and Qiangtang terranes may led to significant crustal 
thickening of the Lhasa terrane prior to India–Asia collision (e.g., Murphy et al., 1997; Yin and 
Harrison, 2000; Kapp et al., 2003, 2005, 2007; Volkmer et al., 2007; Zhang et al., 2012; Sun et al., 
2015a). Responsible for these evolutionary processes, Mesozoic magmatic rocks are widely 
distributed in the southern Tibet, which can offer important insights into mantle-crust interaction 
and the growth of the continental crust (e.g., Zhu et al., 2011, 2013; Sui et al., 2013). Although 
recent researches inferred that the Late Cretaceous magmatism in central–northern Lhasa terrane 
were related with the northward subduction of Neo-Tethyan Ocean lithosphere (e.g., Ma and Yue, 
2010; Meng et al., 2014) or thickened crust (e.g., Wang et al., 2014; Sun et al., 2015b), the 
petrogenesis of the Late Cretaceous K-rich rocks and their geodynamic setting in above areas still 
remain poorly known. In addition, the majority of previous researches on the Late Cretaceous 
tectonic evolution of southern Tibet has focused on sediments (e.g., Murphy et al., 1997; Kapp et 
al., 2003, 2005, 2007; Volkmer et al., 2007; Sun et al., 2015a). Therefore, the further work of the 
age and petrogenesis of the igneous rocks in the central–northern Lhasa terrane are required to 
understand the geodynamical evolution of southern Tibet during Late Cretaceous. 
Here, we present new geochronological data (zircon U-Pb ages obtained by laser 
ablation-inductively coupled plasma-mass spectrometry, ie, LA-ICP-MS) as well as geochemical, 
and Sr–Nd isotopic data for the Zhongcang granitoids of the Nyima area, within the central Lhasa 
subterrane. These data, combined with previously published geochemical data, allow us to assess 
the petrogenesis of the Late Cretaceous magmas that formed these granitoids, and provide 
valuable constraints on the geodynamic processes involved in the collision between the central 
and northern Lhasa subterranes and the Late Cretaceous crustal thickening of southern Tibet. 
 
2. Geology of the study area 
The interior of the Tibetan Plateau is a tectonic collage of roughly west–east trending 
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continental terranes or blocks; these are, from north to south, the Songpan-Ganzi, Qiangtang, and 
Lhasa terranes (Fig. 1a; Dewey et al., 1988; Yin and Harrison, 2000). The Lhasa terrane is 
bounded to the north by the Bangong–Nujiang suture (BNS) and to the south by the 
Indus–Yarlung suture (IYZS). It is generally accepted that the BNS closed between the Late 
Jurassic and middle Cretaceous (Yin and Harrison, 2000; Pan et al., 2006, 2012) and that the 
IYZS closed between the Late Cretaceous and early Paleogene (Dewey et al., 1988). The Lhasa 
terrane is divided into northern, central, and southern subterranes that are separated by the 
Yongzhu–Asuo ophiolite belt (also termed the Shiquan River–Nam Tso Mélange zone, SNMZ), 
and the Luobadui–Milashan Fault (LMF), respectively (Fig. 1b; Zhu et al., 2011, 2013). 
The northern Lhasa subterrane consists of juvenile crust that formed by the underplating of 
mantle-derived magmas generated during southward subduction of oceanic crust of the 
Bangong–Nujiang Tethyan Ocean and the subsequent Mesozoic collision between the Lhasa and 
Qiangtang terranes (Zhu et al., 2011, 2013). The northern Lhasa subterrane is covered by Middle 
Triassic–Cretaceous sediments and hosts abundant Cretaceous volcanics and related granitoids 
(e.g., Pan et al., 2004, 2012; Zhao et al., 2008; Ma and Yue, 2010; Kang et al., 2010; Sui et al., 
2013; Zhu et al., 2013; Wang et al., 2014). 
The central Lhasa subterrane is a microcontinent that contains Precambrian basement rocks 
(Zhu et al., 2011, 2013) and has undergone multiple episodes of metamorphism (Xu et al., 1985; 
Kapp et al., 2005; Z.M. Zhang et al., 2014). This reworked crystalline basement is covered by 
Carboniferous–Permian metasedimentary and Upper Jurassic–Lower Cretaceous sedimentary 
units (Zhu et al., 2011, 2013) and minor Ordovician, Silurian, Devonian, and Triassic limestones 
(e.g., Pan et al., 2004). The widespread Cretaceous strata include the Lower Cretaceous Duoni 
sedimentary-volcanic rocks and Langshan limestone, and Upper Cretaceous Jingzhushan and 
Daxiong conglomerates (e.g., Leeder et al., 1988; Yin et al., 1988; Sun et al., 2015a). 
The southern Lhasa subterrane is dominated by juvenile crust (e.g., Mo et al., 2005, 2008; Ji 
et al., 2009a, b; Zhu et al., 2011, 2013) and is characterized by extensive 210–40 Ma Andean-type 
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calc-alkaline magmatism that formed units such as the Gangdese Batholith and the Linzizong 
volcanics with minor sedimentary covers (e.g., Coulon et al., 1986; Murphy et al., 1997; Mo et al., 
2008; Ji et al., 2009a, b; Zhang et al., 2010; Zhu et al., 2011, 2013). 
The Yongzhu–Asuo ophiolite belt (or SNMZ) represents residual oceanic, backarc, or 
intra-arc basin units and forms a tectonic boundary that separates juvenile crust to the north from 
the Lhasa microcontinent to the south (Zhu et al., 2011, 2013); this NW–SE-trending belt crops 
out intermittently for ~2000 km across the northern Lhasa terrane (Fig. 1a). Ophiolite sequences 
within the SNMZ are well preserved in the Yongzhu and Lagkor Tso areas (e.g., BGMRXAR 
1993; Pan et al., 2006; Baxter et al., 2009) and crop out discontinuously along the Shiquan River 
within the western part of the belt, at Asuo and the western part of the Nam Tso area in the central 
part of the belt, and at Lhara within the eastern part of the belt (Fig. 1a; e.g., BGMRXAR 1993; 
Pan et al., 2006; Zhu et al., 2013). It is generally thought that the ophiolite sequences within the 
SNMZ formed before the Late Cretaceous (e.g., Zhang et al., 2004; Pan et al., 2006, 2012; Zhang 
et al., 2007; Baxter et al., 2009). 
The samples analyzed during this study were collected from dikes and intrusive plutons of 
the Zhongcang granitoid suite located about 50 km to the south of Zhongcang, in Nyima County, 
in an area bounded to the north by the SNMZ (Pan et al., 2006; Zhu et al., 2011, 2013; Wang et 
al., 2013; Fig. 1b). The geology of the study area is dominated by the middle Permian Xiala 
Formation (P2x), which contains carbonates with minor clastic rocks, and by the Upper Jurassic to 
Lower Cretaceous Zenglong Group (J2K1z), which contains gray conglomerates, sandstones, and 
silty mudstones interbedded with dacitic tuff lavas, tuffs, dacites, and andesites (Fig. 1c). A 
renewal of magmatic activity occurred within the study area during the Late Cretaceous, leading 
to the formation of granodiorite and granite intrusions with minor porphyritic granodiorite, quartz 
diorite, and granite units located along the contact between intrusive bodies and the surrounding 
country rocks (Wang et al., 2013; Fig. 1c). The area also contains some zoned garnet- and 
magnetite-bearing skarns developed along the contacts between the intrusions and the Xiala 
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Formation country rock. Field observations indicate the presence of a generally intrusive contact 
between the granodiorite and granite in this area (Figs. 1c). 
All of the plutonic rocks in the study area are coarse grained and porphyritic, and have 
undergone variable degrees of sericite and epidote alteration. These plutonic units contain 
euhedral–subhedral plagioclase, K-feldspar, biotite, and quartz, with accessory zircon, apatite, 
magnetite, and titanite (Wang et al., 2013; Fig. 2a, b). The plagioclase and K-feldspar are tabular 
and columnar and appear dirty as a result of the presence of inclusions and/or alteration (Fig. 2a, 
b). Amphibole phenocrysts within these intrusions have undergone variable degrees of alteration 
to actinolite. In addition, tourmaline is found in granites.  
 
3. Analytical results 
Analytical methods used for the determination of whole-rock major and trace element 
abundances, Sr–Nd isotope compositions, and zircon U–Pb ages are presented in Appendix 1, and 
related analytical data of studied samples with international reference samples and replicate 
samples are listed in Appendices 2–6. 
3.1 Geochronology 
The results of the zircon LA–ICP–MS U–Pb dating (Appendix 2) and are shown in Fig. 3. 
Cathodoluminescence (CL) images indicates that these zircons have regular oscillatory magmatic 
zoning with no distinctly resorbed cores. The zircons have Th/U ratios ranging from 0.62 to 2.14, 
higher than typical values for metamorphic zircons (<0.1) and consistent with values indicative of 
magmatic zircons (Williams et al., 1996). 
The results of the LA–ICP–MS U–Pb analysis of zircons separated from sample ZC-18 of 
the Zhongcang granitoids are shown on a concordia plot in Fig. 3. These 22 analyses yielded a 
weighted mean 
206
Pb/
238
U age of 90.7  1.3 Ma with a MSWD of 1.4 at the 95% confidence 
interval (2). These data, when combined with previously published ages (Yu et al., 2011; Wang 
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et al., 2013), indicate that the Zhongcang intrusions within the central Lhasa subterrane formed 
between 94 and 88 Ma. 
 
3.2 Major and trace element geochemistry 
The geochemical data obtained during this study indicate that the Zhongcang granitoids can 
be subdivided into metaluminous and peraluminous subtypes. Metaluminous rocks have A/CNK 
(molecular ratio of Al2O3/(CaO + Na2O + K2O)) values of 0.90–1.00, barring one sample with a 
value of 1.03, and generally plot within the calc-alkaline and high-K series field of Fig. 4 
(Appendix 3). These granitoids also have similar TiO2, Fe2O3, CaO, Na2O, and P2O5 
concentrations to those of Late Cretaceous felsic lavas and granitic rocks from the Azhang, 
Gaerqiong, Galale, Coqin, and Mamba areas of the central Lhasa subterrane (Qu et al., 2006; Xin 
et al., 2007; Meng et al., 2010, 2014; Lu et al., 2011; Zhang et al. 2013; Sun et al., 2015b; Fig. 5), 
and the adakitic rocks and dacite from the Rutog and Zhougapu areas of the northern Lhasa 
subterrane (Zhao et al., 2008; Ma, 2013; Wang et al., 2014; S. Zhang et al., 2014; Fig. 5). 
Chondrite-normalized rare earth element (REE) patterns for the metaluminous samples 
analyzed during this study (Fig. 6a) provide clear evidence of fractionation between the light 
REEs (LREEs) and heavy REEs (HREEs), and are generally free of Eu anomalies. They have 
similar REE patterns to adakitic rocks from the Azhang and Mamba areas, but have lower LREE 
concentrations than those of adakitic rocks in the Mamba area, and higher REE concentrations 
than those of the Miocene adakitic rocks in the southern Lhasa subterrane (Hou et al., 2004; Qu et 
al., 2004; Meng et al., 2014; Sun et al., 2015b). 
All of the metaluminous samples are enriched in the large ion lithophile elements (LILEs; 
e.g., Rb, and U) relative to the high field strength elements (HFSEs), and have pronounced 
negative Nb–Ta–Ti anomalies in primitive–mantle–normalized trace element variation diagrams 
(Fig. 6b). These samples in this study contain similar concentrations of the trace elements to the 
Azhang adakitic rocks, but lower than do the adakitic rocks from the Mamba area in the central 
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Lhasa subterrane, and higher than those Miocene adakitic rocks in southern Lhasa subterrane 
(Hou et al., 2004; Qu et al., 2004; Meng et al., 2014; Sun et al., 2015b; Fig. 6b). 
The Zhongcang metaluminous rocks are characterized by high SiO2 (≥ 66 wt.%), Al2O3 (>15 
wt.%), and Sr (305–423 ppm), and low MgO (<2.8 wt.%), Yb (0.74–1.35 ppm), and Y(10.4–17.7 
ppm) concentrations and have high Sr/Y and La/Yb ratios (Fig. 7; Appendix 3) that are similar to 
those of slab-derived adakites (Defant and Drummond, 1990; Kay et al., 1993; Fig. 7). In addition, 
they have relatively high Mg# (Mg# = 100 × Mg
2+
/(Fe
2+
+ Mg
2+
)) values (56–80, barring one 
sample with a value of 45), and have high Cr concentration (Appendix 3; Fig. 8). As such, we 
refer to these metaluminous rocks as “high-Mg# adakitic rocks”. 
The peraluminous rocks in the study area (A/CNK = 1.07–1.20, barring a single sample with 
a value of 1.42; Fig. 4) have low Al2O3, TiO2, Fe2O3 and CaO concentrations (Fig. 5) but similar 
chondrite-normalized REE and primitive–mantle–normalized multi-element variation diagram 
patterns to those of the Zhongcang metaluminous adakitic rocks. Meanwhile, the former have 
distinctly negative Sr and Eu (Eu
#
 = 0.59–0.79) anomalies that are absent from the latter (Fig. 6c, 
d). 
 
3.3 Sr−Nd isotope geochemistry 
The Sr–Nd isotopic compositions of the Zhongcang granitoids (Appendix 4) are shown in 
Fig. 9. These samples have relatively high 
87
Sr/
86
Sr(i) ratios (0.705927–0.709277) and low Nd(t) 
values (–0.17 to –6.64) that differ from those melts of Cenozoic subducted oceanic slabs (e.g., 
Defant and Drummond, 1990; Fig. 9) and those of the Late Cretaceous adakitic rocks from the 
Azhang and Rotug areas in central and northern Lhasa subterranes (Zhao et al., 2008; Sun et al., 
2015b), but are similar to the compositions of adakitic rocks thought to be derived from 
delaminated regions of the lower continental crust in eastern China (e.g., Xu et al., 2002; Gao et 
al., 2004; Fig. 9). However, these units have higher Nd(t) values and lower 
87
Sr/
86
Sr(i) ratios than 
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Early Cretaceous granodiorites and dacites and andesites from the central Lhasa subterrane (Zhou 
et al., 2008; Zhu et al., 2009, 2011; Zhang et al., 2010; Sui et al., 2013; Chen et al., 2014; Fig. 9). 
In addition, some samples in the study area have Sr-Nd isotopic compositions that are similar to 
those of Late Cretaceous felsic rocks and gabbroic and dioritic enclaves of the Coqin and Mamba 
areas (Xin et al., 2007; Meng et al., 2010, 2014; Fig. 9). They are also similar to isotopic 
compositions of Early Cretaceous dioritic enclaves in granitoids within the central Lhasa 
subterrane (Zhou et al., 2008; Zhang et al., 2010), although these peraluminous rocks have lower 
low Nd(t) values than the Zhongcang adakitic rocks (Fig. 9). 
 
4. Discussion 
4.1 Petrogenesis of adakitic rocks 
Adakites were originally defined to be intermediate- to high-silica (≥56 wt.% SiO2) volcanic 
and plutonic rocks with high Sr/Y and La/Yb that were generated by the partial melting of a 
young and hot subducted oceanic slab within the stability field of garnet (Defant and Drummond, 
1990; Martin et al., 2005; Castillo, 2012). Subsequent research has shown that adakitic rocks 
(adakite-like rocks) can also form by fractional crystallization (FC) or crustal assimilation and 
fractional crystallization (AFC) from basaltic parent magmas (Castillo et al., 1999; Macpherson et 
al., 2006; Richards and Kerrich, 2007), by the mixing of felsic and basaltic magmas (Streck et al., 
2007), or by the partial melting of underplated or thickened crust or subducted lower continental 
crustal material (Atherton and Petford, 1993; Xiong et al., 2005; Wang et al., 2008) or 
delaminated-lower-crustal material (Kay and Kay, 1993; Xu et al., 2002; Gao et al., 2004). 
The Zhongcang adakitic rocks may have formed from magmas generated by the partial 
melting of either the southward-subducting Bangong–Nujiang or Asuo oceanic slabs. However, 
the Zhongcang adakitic rocks described in this study have variable K2O (1.26–4.09 wt.%) and 
high Th (7.80–14.9 ppm) concentrations and Th/La (0.36–0.60) ratios (Fig. 4; Appendix 3), low 
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Nd(t) values (−3.17 to −0.17), and high 
87
Sr/
86
Sr(i) ratios (0.705927–0.707668; Fig. 9) compared 
with typical adakites produced by the partial melting of subducting slabs in modern arcs; the latter 
have Sr–Nd isotopic compositions that are indicative of derivation from a mantle source depleted 
in incompatible elements (
87
Sr/
86
Sr(i) < 0.7045, Nd(t) > 0; Fig. 9), and have relatively low K2O 
(<3 wt.%) and Th (< 3 ppm) concentrations (Defant and Drummond, 1990; Niu and Batiza, 1997; 
Kelemen et al., 2003; Plank, 2005; Xiong et al., 2006). These contrasting features clearly 
distinguish the Zhongcang adakitic rocks from more typical adakites derived from the partial 
melting of subducted oceanic slab material. 
Although FC processes can explain some of the geochemical characteristics of the 
Zhongcang adakitic rocks, including the presence of negative correlations between SiO2 and 
Fe2O3, CaO, TiO2, and P2O5 concentrations, and the presence of negative Nb, Ta, and Ti 
anomalies in primitive-mantle-normalized multi-element variation diagrams for these rocks (Figs 
5, 6a, b), a FC origin is inconsistent with the following field observations and geochemical data 
for these adakitic rocks: (1) mafic and ultramafic lavas are not exposed in the study area; (2) the 
majority of samples do not have significant negative Eu or Sr anomalies, suggesting that these 
magmas did not form as a result of crustal-level FC of plagioclase or K-feldspar from mafic or 
ultramafic melts (Fig. 6a, b); and (3) the facts that Cr concentrations do not negatively correlate 
with, and Zr and Ba concentrations do not positively correlate with SiO2 concentrations, are 
inconsistent with the correlations expected for FC (Fig. 8; Appendix 3). In addition, the adakitic 
rocks in the study area have higher Nd(t) values (Fig. 9) than do mafic rocks exposed in the 
Coqin area. These field observations and geochemical features strongly suggest that the 
Zhongcang adakitic rocks were not produced by FC of a mafic magma. 
Some high-Mg# adakitic rocks are thought to have formed as a result of either AFC or 
magma mixing; these rocks have high Sr/Y values and overall adakite affinities that may have 
been inherited from a crust-derived felsic end-member (Castillio et al., 1999; Streck et al., 2007; 
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Wang et al., 2012). If the Zhongchang adakitic rocks were generated by crustal assimilation, they 
should have decreasing Y concentrations and increasing Sr/Y values with decreasing Nd(t) (or 
increasing 
87
Sr/
88
Sr (i)) values (Wang et al., 2012). However, this is not the case, as is clearly seen 
in Fig. 10. Meng et al. (2014) suggested that adakitic granodiorites in the eastern part of the 
central Lhasa subterrane, were generated by magma mixing between melts derived from ancient 
thickened lower-crustal and mantle material. However, several factors indicate that this model 
cannot be applied to the Zhongcang adakitic rocks. First, magma mixing should produce straight 
arrays in binary plots, but Mg# values and Cr, Ba, and Zr concentrations do not produce straight 
trends when plotted against SiO2 concentrations (Fig. 8; Appendix 3). Second, Late Cretaceous 
magmatic rocks in the Zhongcang area are dominantly granodiorites and granites, whereas 
contemporary mafic enclaves and rocks are absent in this area, as discussed above. Third, the 
relationship between Sr/Y values (or Y concentrations) and Nd(t) (or 
87
Sr/
88
Sr (i)) values for the 
Zhongcang intrusions precludes the mixing of crust- and mantle-derived melts during the 
formation of adakitic parental magma in the study area (Fig. 10a–b). Fourth, and finally, the 
mafic rocks within the Coqin area that probably represent the mantle-derived mafic end-member 
of the magmatic system in this study area have lower Nd(t) and higher 
87
Sr/
86
Sr values than do 
the metaluminous adakitic rocks in this area (Fig. 9), suggesting that the Zhongcang adakitic 
rocks did not form as a result of mixing between crust- and mantle-derived melts. 
The fact that the Zhongcang adakitic plutons are located to the southern of the SNMZ means 
that the magmas that formed these intrusions may have formed during interaction between the 
crust-derived melts associated with the southward-subducting northern Lhasa subterrane and the 
overlying peridotite mantle wedge (Wang et al., 2008; Lai and Qin, 2013). However, the northern 
Lhasa subterrane contains juvenile crust (e.g., Zhu et al., 2011, 2013) and Early Cretaceous felsic 
rocks within this subterrane have high whole-rock Nd(t) values (0.1 to 3.6; Sui et al., 2013; Chen 
et al., 2014) that are significantly higher than the Nd(t) values of the Zhongcang adakitic rocks. In 
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addition, the Late Cretaceous adakitic rocks from the Rutog area in the northern Lhasa subterrane 
have obviously higher Nd and lower Sr isotopic composition than those of Zhongcang adakitic 
rocks (Zhao et al., 2008; Fig. 9). Moreover, previous research has indicated that the northern 
Lhasa subterrane underwent Late Cretaceous northward-directed subduction under the Qiangtang 
terrane rather than southward subduction beneath the central Lhasa subterrane (e.g., Kapp et al., 
2005, 2007; Zhang et al., 2012). Consequently, it is unlikely that the Zhongcang adakitic rocks 
could have formed as a result of interaction between crustal-derived melts generated from the 
southward-subducting northern Lhasa subterrane and overlying mantle wedge material. 
Compared with the Late Cretaceous adakitic rocks derived of the thickened juvenile lower 
crust from the Azhang area of the central Lhasa subterrane (Sun et al., 2015b), the zhongcang 
adakitic rocks have apparently low and variable Nd(t) values (–3.17 to –0.17), and high 
radiogenic initial Sr isotopic compositions (
87
Sr/
86
Sr(i) = 0.705927–0.707668; Fig. 9; Appendix 4) 
and calculated Nd model ages (TDM = 1.03–0.82 Ga; Appendix 4), which are indicative of the 
involvement of an ancient lower-crustal component during the formation of the Zhongcang 
adakitic rocks. On the other hand, these adakitic rocks cannot have been produced by the partial 
melting of ancient lower crustal material beneath the central Lhasa subterrane alone, primarily 
because the latter has significantly higher Sr and lower Nd isotopic compositions (
87
Sr/
86
Sr(i) = 
0.7402, εNd(t) =−15.4; Zhu et al., 2011) compared with the former. The relatively high Nd(t) and 
Mg# values, and Cr concentrations of the Zhongcang adakitic rocks compared with Cretaceous 
crust-derived felsic rocks and enclaves derived from crust–mantle mixing within the central 
Lhasa subterrane (Qu et al., 2006; Xin et al., 2007; Zhu et al., 2009; Meng et al., 2010, 2014; 
Zhang et al., 2010; Chen et al., 2014; Figs 8, 9) suggest that a high-Nd(t), and high-Mg# 
component with high Cr concentrations was involved in the formation of the Zhongcang adakitic 
rocks (Rapp and Watson, 1995; Figs. 8, 9). As such, we suggest that the high-Mg# adakitic rocks 
of the Zhongcang area are probably the product of the partial melting of a delaminated region of 
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the lower crust that interacted with the surrounding mantle before being emplaced in the upper 
crust.  
 
4.2 Petrogenesis of the Zhongcang peraluminous granites 
The Al2O3, Fe2O3, CaO, TiO2, Na2O and P2O5 concentrations of the Zhongcang 
peraluminous granites negatively correlate, whereas K2O concentrations positively correlate with 
SiO2 concentrations. All of these define clear trends in Harker diagrams (Figs 4 and 5). These 
correlations suggest that these magmas formed as a result of FC of titanomagnetite, plagioclase, 
and apatite. This is confirmed by the presence of distinct negative Eu, Ti, Sr, and P anomalies in 
chondrite-normalized REE and primitive-mantle-normalized multi-element variation diagrams 
(Figs 6c, d, and 10c). The Zhongcang peraluminous granites have subchondritic Nb/Ta (4.43–7.09) 
and elevated Zr/Sm (24.6–41.9) ratios, and low HREE and Y concentrations, all of which most 
likely relate to the presence of residual amphibole and garnet in the sources of the magmas that 
formed these intrusions (Foley et al., 2002). The peraluminous rocks in the study area have 
similarly high Mg# values (52–66), and high Cr (11.1–277 ppm) and low Y (7.07–13.4 ppm) 
concentrations as the Zhongcang adakitic rocks, suggesting that both of them have similar 
primary magma in the study area. However, the lower Nd(t) values and older Nd model ages 
(TDM = 1.10–1.38 Ga; Appendix 4) of the Zhongcang peraluminous granites compared with the 
metaluminous adakitic rocks suggest that the former involved more crustal material than the latter. 
Therefore, the peraluminous magma are likely formed by contamiantion with ancient crustal 
material and by fractional crystallization of plagioclase and apatite from the metaluminous 
magmas during magma uprising or emplacement (e.g., by AFC processes).  
 
4.3 Implications for the regional tectonic evolution 
Early Cretaceous closure of the Bangong–Nujiang Ocean (e.g., Yin and Harrison, 2000; Pan 
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et al., 2012; Zhu et al., 2013) led to collision between the northern Lhasa subterrane and the 
Qiangtang terrane (e.g., Zhu et al., 2011, 2013). Although the processes involved in the formation, 
evolution, and closure of the SNMZ within the central–northern Lhasa terrane remain unclear 
(e.g., Kapp et al., 2003, 2007; Zhang et al., 2004; Pan et al., 2006; Zhang et al., 2007; Baxter et al., 
2009; Zhu et al., 2013), the emplacement of the Zhongcang high-Mg# granitoids and the uplift 
above sea level of the Xiagangjiang Range area in the central–northern Lhasa terrane during the 
Late Cretaceous (Volkmer et al., 2007; Sun et al., 2015a) suggest that the SNMZ was completely 
closed before 94–88 Ma, primarily as these granitoids formed in a continental setting (Sun et al., 
2015b). The closure of the SNMZ and subsequent collision between the central and northern 
Lhasa subterranes occurred during the Late Cretaceous and were coincident with the continuous 
northward subduction of the Neo-Tethyan Ocean in the south of this area, leading to crustal 
shortening and thickening beneath the central and northern Lhasa subterranes (Murphy et al., 
1997; Kapp et al., 2003, 2005, 2007; Volkmer et al., 2007; Sui et al., 2013; Zhu et al., 2013; Chen 
et al., 2014; Sun et al., 2015a). In addition, the fact that the Late Cretaceous felsic rocks in this 
area have higher La/Yb ratios than do the Early Cretaceous felsic rocks in the central Lhasa 
subterrane, provides evidence of the development of a thickened region of crust during the Late 
Cretaceous period (Fig. 10d; Haschke et al., 2002; Chung et al., 2009). 
The geodynamic regime described above implies that both back-arc extension (e.g., Zhang et 
al., 2004; Meng et al., 2014) and delaminated lower crust (e.g., Yu et al., 2011; Wang et al., 2014) 
models are consistent with the Late Cretaceous high-Mg# adakitic magmatism recorded within 
the central Lhasa subterrane. The former model involves the back-arc extension of the 
Neo-Tethyan Ocean (Meng et al., 2014), which, if it occurred during Late Cretaceous, would 
have caused mantle-derived magmas to interact with lower-crust-derived melts beneath the 
central Lhasa subterrane, generating the high–Mg# adakitic magma recorded in the study area. 
However, DeCelles et al. (2007) suggested that the Lhasa terrane was undergoing regional 
shortening and thickening at this time (Kapp et al., 2005). In addition, the absence of 95–70 Ma 
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sedimentation in the Upper Cretaceous sedimentary units of the central Lhasa subterrane suggests 
that a significant portion of southern Tibet was undergoing uplift at this time (e.g., Leier et al., 
2007; Haider et al., 2013; Sun et al., 2015a). The thickening of a region of the lower crust and its 
associated lithospheric roots probably led this region to become unstable and undergo 
delamination at 94–88 Ma, causing an increase in the thermal gradient of the area as well as 
regional extension and uplift within the central–northern Lhasa terrane (Qu et al., 2006; Xin et al., 
2007; Zhang et al., 2012; Wang et al., 2014; Sun et al., 2015b). The high-temperature mantle 
material that surrounded the delaminated lower crust also caused dehydration melting of the latter, 
forming partial melts that reacted with the surrounding mantle material during ascent to crustal 
depths, forming the Zhongcang high-Mg# adakitic rocks within the central Lhasa subterrane. 
Some of these high-Mg# adakitic parent magma probably underwent contamination by ancient 
crustal material and FC of plagioclase and apatite in the middle to upper crust, and eventually 
forming the peraluminous rocks within the study area. Meanwhile, a regional steepening of the 
geothermal gradient, triggered by uprising of the asthenosphere, led to partial melting of the 
mafic lower crust, thereby generating the parent magma of the low-Mg# adakitic found in the 
Azhang area (Sun et al., 2015b). 
Bird (1979) suggested that the delamination of lithospheric mantle would cause widespread 
basaltic extrusive magmatism coincident with the intrusion of silicic magmas. However, the 
insignificant amounts of Late Cretaceous mafic magmatism within the central and northern Lhasa 
subterranes (Coqin area: Qu et al., 2006; Xin et al., 2007; Nyima area: Ma and Yue, 2010; 
Mamba area: Meng et al., 2014; Adang area: Wang et al., 2014), combined with the fact that 
high-Mg# adakitic rocks are found only locally (Coqin area: Qu et al., 2006; Xin et al., 2007; 
Mamba area: Meng et al., 2014), means that only small-scale Late Cretaceous delamination of the 
thickened lithospheric mantle occurred beneath the central Lhasa subterrane, indicating in turn 
that only limited ascent and decompression melting of asthenospheric material took place in the 
study area (Wang et al., 2014; Sun et al., 2015b). Another possibility is that the majority of the 
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basaltic magma generated during this delamination was underplated at the base of the crust, 
where it underwent melting, assimilation, storage, and homogenization (MASH) processes that 
formed the coeval granitoid magmas in the study area (e.g., Meng et al., 2014; Wang et al., 2014; 
Sun et al., 2015b). This scenario is consistent with the presence of widespread Miocene 
ultrapotassic lavas within the central Lhasa subterrane; these lavas contain abundant inherited 
Late Cretaceous zircons (ca. 90 Ma) that have positive εHf(t) values (Liu et al., 2014). Although 
the Late Cretaceous Zhongcang high-Mg# granitoids can be explained by a lithospheric 
delamination model, this model needs more evidence, including increased amounts of geological, 
geochronological, and geochemical data that would allow delamination hypothesis to be more 
comprehensively tested (e.g., Bird, 1979; Wang et al., 2014). 
 
5. Conclusions 
1). The Zhongcang intrusive rocks in the central Lhasa subterrane formed at ~90 Ma are 
calc-alkaline to high-K calc-alkaline granodiorites and granites, and can be classified into 
metaluminous and peraluminous subtypes.  
2). The metaluminous rocks in the Zhongcang area have some adakite affinities, which, 
when combined with their high Mg# values and Cr concentrations and low Nd(t) and high 
87
Sr/
86
Sr(i) values suggest that these adakitic rocks were produced by dehydration melting of 
delaminated-lower-crustal material that produced melts that subsequently interacted with 
surrounding mantle material. The peraluminous granites in this area have significantly negative 
Eu and Sr anomalies, and lower Nd(t) values than the Zhongcang adakitic rocks. These features, 
combined with their high Mg# values and high Cr concentrations, imply that the peraluminous 
granites and the adakitic rocks formed from similar primary magma, but that the former 
underwent AFC processes during magma uprising or emplacement. 
3). The broad outcrop of adakitic rocks with ages of 94-88 Ma in the central Lhasa 
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subterrane, coupled with absent contemporary sedimentary strata, indicates this region underwent 
significant thickening and uplift prior to India–Asia collision. 
 
Acknowledgements 
We are particularly grateful to Laurie Reisberg, and the two anonymous reviewers for their 
kind and critically constructive comments and suggestions, which greatly improved the quality of 
our manuscript. This research was supported by the following funding agencies: the Strategic 
Priority Research Program (B) of the Chinese Academy of Sciences (XDB03010300), the Major 
State Basic Research Program of the People’s Republic of China (2015CB452602; 
2011CB403100), the Natural Science Foundation of China (41373030), GIGCAS 135 project 
(Y234021002), and the IGCP project (IGCP/SIDA-600). This is GIGCAS contribution No. 
IS-XXX. 
 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
References 
Atherton, M.P., Petford, N., 1993. Generation of sodium rich magmas from newly underplated 
basaltic crust. Nature 362, 144–146, 
Baxter, A.T., Aitchison, J.C., Zyabrev, S.V., 2009. Radiolarian age constraints on Mesotethyan 
ocean evolution, and their implications for development of the Bangong-Nujiang suture, 
Tibet. Journal of the Geological Society 166, 689–694. 
BGMRXAR (Bureau of Geology Mineral Resources of Xizang Autonomous Region), 1993. 
Regional Geology of Xizang (Tibet) Autonomous Region. Geological Publishing House, 
Beijing, pp. 1–450 (in Chinese with English abstract). 
Bird, P., 1979. Continental delamination and the Colorado Plateau. Journal of Geophysical 
Research 84(B13), 7561–7571, doi:10.1029/JB084iB13p07561. 
Castillo, P.R., 2012. Adakite petrogenesis. Lithos134–135, 304–316. 
Castillo, P.R., Janney, P.E., Solidum, R.U., 1999. Petrology and geochemistry of Camiguin island, 
southern Philippines: insights to the source of adakites and other lavas in a complex arc 
setting. Contributions to Mineralogy and Petrology 134, 33–51. 
Chen, J.L., Wu, J.B., Xu, J.F., Dong, Y.H., Wang, B.D., Kang, Z.Q., 2013. Geochemistry of 
Eocene high-Mg# adakitic rocks in the northern Qiangtang terrane, central Tibet: 
Implications for early uplift of the plateau. Geological Society of America Bulletin 125, 
1800–1819.  
Chen, Y., Zhu, D.C., Zhao, Z.D., Meng, F.Y., Wang, Q., Santosh, M., Wang, L.Q., Dong, G.C., 
Mo, X.X., 2014. Slab breakoff triggered ca. 113 Ma magmatism around Xainza area of the 
Lhasa Terrane, Tibet. Gondwana Research 26, 449–463. 
Chung, S.L., Chu, M.F., Ji, J.Q., O'Reilly, S.Y., Pearson, N.J., Liu, D.Y., Lee, T.Y., Lo, C.H., 
2009. The nature and timing of crustal thickening in Southern Tibet: geochemical and zircon 
Hf isotopic constraints from postcollisional adakites. Tectonophysics 477, 36–48. 
 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
Clark, M.K., 2011. Early Tibetan Plateau uplift history eludes. Geology 39, 991–992. 
Coulon, C., Maluski, H., Bollinger, C., Wang, S., 1986. Mesozoic and Cenozoic volcanic rocks 
from central and southern Tibet: 
39
Ar/
40
Ar dating, petrological characteristics and 
geodynamical significance. Earth and Planetary Science Letters 79, 281–302. 
DeCelles, P.G., Kapp, P., Ding, L., Gehrels, G.E., 2007. Late Cretaceous to middle Tertiary basin 
evolution in the central Tibetan Plateau: changing environments in response to tectonic 
partitioning, aridification, and regional elevation gain. Geological Society of America 
Bulletin 119, 654–680. 
Defant, M.J., Drummond, M.S., 1990. Derivation of some modern arc magmas by melting of 
young subducted lithosphere. Nature 347, 662–665. 
Defant, M.J., Jackson, T.E., Drummond, M.S., De Boer, J.Z., Bellon, H., Feigenson, M.D., 
Maury, R.C., Stewart, R.H., 1992. The geochemistry of young volcanism throughout western 
Panama and southeastern Costa Rica: an overview. Journal of the Geological Society 149, 
569–579. 
Defant, M.J., Xu, J.F., Kepezhinskas, P., Wang, Q., Zhang, Q., Xiao, L., 2002. Adakites: some 
variations on a theme. Acta Petrologica Sinica 18, 129–142. 
Dewey, J.F., Shackleton, R.M., Chang, C., Sun, Y., 1988. The tectonic evolution of the Tibetan 
plateau. Philosophical Transactions of the Royal Society, London A 327, 379–413. 
Foley, S., Tiepolo, M., Vannucci, R., 2002. Growth of early continental crust controlled by 
melting of amphibolite in subduction zones. Nature 417, 837–840. 
Gao, S., Rudnick, R.L., Yuan, H.L., Liu, X.M., Liu, Y.S., Xu, W.L., Lin, W.L., Ayers, J., Wang, 
X.C., Wang, Q.H., 2004. Recycling lower continental crust in the North China craton. Nature 
432, 892–897. 
Haider, V.L., Dunk I., von Eynatten, H., Ding L., Frei D., Zhang L., 2013. Cretaceous to 
Cenozoic evolution of the northern Lhasa Terrane and the Early Paleogene development of 
peneplains at Nam Co, Tibetan Plateau. Journal of Asian Earth Sciences 70–71, 79–98.  
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
Haschke, M., Siebel, W., Günther, A., Scheuber, E., 2002. Repeated crustal thickening and 
recycling during the Andean orogeny in north Chile (21°–26°S). Journal of Geophysical 
Research, 107.doi:10.1029/2001JB000328. 
Hetzel, R., Dunkl, I., Haider, V., Strobl, M., von Eynatten, H., Ding, L., Frei, D., 2011.Peneplain 
formation in southern Tibet predates the India-Asia collision and plateau uplift. Geology 39, 
983–986. 
Huang, H.X., Li, G.M., Chen, H.A., Shi, H.Z., Liu, B., Zhu, X.P., Zeng, Q.G., Li, Z., 2013. 
Molybdenite Re–Os isotope age and metallogenic significance of Sebuta copper 
molybdenum deposit in Tibet. Acta Geologica Sinica 87, 240–244 (in Chinese with English 
bstract). 
Hou, Z.Q., Gao, Y.F., Qu, X.M., Rui, Z.Y., Mo, X.X., 2004. Origin of adakitic intrusive generated 
during mid-Miocene east–west extension in southern Tibet. Earth and Planetary Science 
Letters 220, 139–155. 
Ji, W.Q., Wu, F.Y., Chung, S.L., Li, J.X., Liu, C.Z., 2009a. Zircon U–Pb chronology and Hf 
isotopic constraints on the petrogenesis of Gangdese batholiths, southern Tibet. Chemical 
Geology 262, 229–245. 
Ji, W.Q., Wu, F.Y., Liu, C.Z., Chung, S.L., 2009b. Geochronology and petrogenesis of granitic 
rocks in Gangdese batholith, southern Tibet. Science in China (Series D) 52, 1240–1261. 
Kang, Z.Q., Xu, J.F., Wang, B.D., Chen, J.L., 2010. Qushenla Formation volcanic rocks in north 
Lhasa block: products of Bangong Co-Nujiang Tethyps southward subduction. Acta 
Petrologica Sinica 26, 3106–3116 (in Chinese with English abstract). 
Kapp, P., DeCelles, P.G., Gehrels, G.E., Heizler, M., Ding, L., 2007. Geological records of the 
Lhasa–Qiangtang and Indo–Asian collisions in the Nima area of central Tibet. Geological 
Society of America Bulletin 119, 917–932. 
Kapp, P., Murphy, M.A., Yin, A., Harrison, T.M., Ding, L., Guo, J., 2003. Mesozoic and 
Cenozoic tectonic evolution of the Shiquanhe area of western Tibet. Tectonics 22 (4), 1043. 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
doi:10.1029/2002TC001383. 
Kapp, P., Yin, A., Harrison, T.M., Ding, L., 2005. Cretaceous–Tertiary shortening, basin 
development, and volcanism in central Tibet. Geological Society of America Bulletin 117, 
865–878. 
Kay, R.W., Kay, S.M., 1993. Delamination and delamination magmatism. Tectonophysics 219, 
177–189. 
Kay, S.M., Ramos, V.A., Marquez, M., 1993. Evidence in Cerro-Pampa volcanic-rocks for slab- 
melting prior to ridge-trench collision in Southern South-America. Journal of Geology 101, 
703–714. 
Kelemen, P.B., Yogodzinski, G.M., and Scholl, D.W., 2003. Along strike variation in the 
Aleutian island arc: genesis of high-Mg# andesite and implications for continental crust. In: 
Eiler, J. (Ed.), Inside the Subduction Factory, Geophysical Monograph, v.138, American 
Geophysical Union, pp. 223–276. 
Lai, S.C., Qin, J.F., 2013. Adakitic rocks derived from the partial melting of subducted 
continental crust: Evidence from the Eocene volcanic rocks in the northern Qiangtang block. 
Gondwana Research 23, 812-824. 
Leeder, M.R., Smith, A.B., Jixiang, Y., 1988. Sedimentology and palaeoenvironmental evolution 
of the 1985 Lhasa to Golmud Geotraverse. Philosophical Transactions of the Royal Society 
of London, Series A 327, 107–143. 
Leier, A.L., Kapp, P., Gehrels, G.E., DeCelles, P.G., 2007. Detrital zircon geochronology of 
Carboniferous-Cretaceous strata in the Lhasa Terrane, southern Tibet. Basin Research 19, 
361–378. 
Li, Y.L., He, J., Wang, C.S., Santosh, M., Dai, J.G., Zhang, Y.X., Wei, Y.S., Wang, J.G., 2013. 
Late Cretaceous K-rich magmatism in central Tibet: evidence for early elevation of the 
Tibetan plateau? Lithos 160, 1–13. 
Liu, D., Zhao, Z.D., Zhu, D.C., Niu, Y.L., Harrison, T.M., 2014. Zircon xenocrysts in Tibetan 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
ultrapotassic magmas: imaging the deep crust through time. Geology 42, 43–46. 
Lu, L.N., Cui, Y.B., Song, L., Zhao, Y.Y., Qu, X.M., Wang, J.P., 2011. Geochemical 
characteristics and zircon LA-ICP-MS U-Pb dating of Galale sharn gold (copper) deposit, 
Tibet and its significance. Earth Science Frontiers 18, 224–242 (in Chinese with English 
abstract). 
Ma, Z., 2013. Petrology, geochronology and geochemistry of granitic rocks in Rutog at northern 
Lhasa terrane, Tibetan Plateau. M. D. thesis. China University of Geosciences, p 92. 
Ma, G.L., Yue, Y.H., 2010. Cretaceous volcanic rocks in northern Lhasa Block: constraints on the 
tectonic evolution of Gangdise Arc. Acta Petrologica Et Mineralogica 29, 525–538 (in 
Chinese with English abstract). 
Macpherson, C.G., Dreher, S.T., Thirlwall, M.F., 2006. Adakites without slab melting: high 
pressure differentiation of island arc magma, Mindanao, the Philippines. Earth and Planetary 
Science Letters 243, 581–593. 
Martin, H., Smithies, R.H., Rapp, R., Moyen, J.F., Champion, D.C., 2005. An overview of 
adakite, tonalite–trondhjemite–granodiorite (TTG), and sanukitoid: relationships and some 
implications for crustal evolution. Lithos 79, 1–24. 
Meng, F.Y., Zhao, Z.D., Zhu, D.C., Mo, X.X., Guan, Q., Huang, Y., Dong, G.C., Zhou, S., 
DePaolo, D.J., Harrison, T.M., Zhang, Z.C., Liu, J.L., Liu, Y.S., Hu, Z.C., Yuan, H.L., 2014. 
Late Cretaceous magmatism in Mamba area, central Lhasa subterrane: Products of back-arc 
extension of Neo-Tethyan Ocean? Gondwana Research 26, 506–520. 
Meng, F.Y., Zhao, Z.D., Zhu, D.C., Zhang, L.L., Guan, Q., Liu, M., Yu, F., Mo, X.X., 2010. 
Petrogenesis of Late Cretaceous adakite-like rocks in Mamba from the eastern Gangdese, 
Tibet. Acta Petrologica Sinica 26, 2180–2192 (Chinese with English abstract). 
Mo, X.X., Dong, G.C., Zhao, Z.D., Zhou, S., Wang, L.L., Qiu, R.Z., Zhang, F.Q., 2005. Spatial 
and temporal distribution and characteristics of granitoids in the Gangdese, Tibet and 
implication for crustal growth and evolution. Geological Journal of China Universities 11, 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
281–290 (in Chinese with English abstract). 
Mo, X.X., Niu, Y.L., Dong, G.C., Zhao, Z.D., Hou, Z.Q., Zhou, S., Ke, S., 2008. Contribution of 
syncollisional silicic magmatism to continental crust growth: a case study of the Paleogene 
Linzizong volcanic Succession in southern Tibet. Chemical Geology 250, 49–67. 
Murphy, M.A., Yin, A., Harrison, T.M., Dürr, S.B., Chen, Z., Ryerson, F.J., Kidd, W.S.F., Wang, 
X., Zhou, X., 1997. Did the Indo–Asian collision alone create the Tibetan Plateau? Geology 
25, 719–722. 
Niu, Y., Batiza, R., 1997. Trace element evidence from seamounts for recycled oceanic crust in 
the eastern equatorial Pacific mantle. Earth and Planetary Science Letters 148, 471–484. 
Pan, G.T., Ding, J., Yao, D.S., Wang, L.Q., 2004. Guidebook of 1:1500000 geologic map of the 
Qinghai–Xizanf (Tibet) plateau and adjacent areas, Chengdu, China, Chengdu Cartographic 
Publishing House, 1–48 (in Chinese). 
Pan, G.T., Mo, X.X., Hou, Z.Q., Zhu, D.C., Wang, L.Q., Li, G.M., Zhao, Z.D., Geng, Q.R., Liao, 
Z.L., 2006. Spatial– temporal framework of the Gangdese Orogenic Belt and its evolution. 
Acta Petrologica Sinica 22, 521–533 (in Chinese with English abstract). 
Pan, G.T., Wang, L.Q., Li, R.S., Yuan, S.H., Ji, W.H., Yin, F.G., Zhang, W.P., Wang, B.D., 2012. 
Tectonic evolution of the Qinghai–Tibet Plateau. Journal of Asian Earth Sciences 53, 3–14. 
Petford, N., Atherton, M.P., 1996. Na-rich partial melts from newly underplated basaltic crust: the 
Cordillera Blanca Batholith, Peru. Journal of Petrology 37, 1491–1521. 
Plank, T., 2005, Constraints from thorium/lanthanum on sediment recycling at subduction zones 
and the evolution of the continents. Journal of Petrology 46 (5), 921–832. 
Qu, X.M., Hou, Z.Q., Li, Y.G., 2004. Melt components derived from a subducted slab in late 
orogenic ore-bearing porphyries in the Gangdese copper belt, southern Tibetan plateau. 
Lithos 74, 131–148. 
Qu, X.M., Xin, H.B., Xu, W.Y., Yang, Z.S., Li, Z.Q., 2006. Discovery and singificane of 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
copper-bearing bimodal rocks series in Coqin area of Tibet. Acta Petrologica Sinica 22, 
707–716 (in Chinese with an English abstract). 
Quade, J., Garzione, C., Eiler, J., 2007, Paleoelevation reconstruction using pedogenuc carbonates, 
in Kohn, M., ed., Paleoaltimetry: Geochemical and thermodynamic approaches. Reviews in 
Mineralogy and Geochemistry 66, 53–87. 
Rapp, R.P., Watson, E.B., 1995. Dehydration melting of metabasalt at 8–32-kbar: Implications 
for continental growth and crust–mantle recycling. Journal of Petrology 36, 891–931, 
Richards, J.P., Kerrich, R., 2007. Special paper: adakite-like rocks: their diverse origins and 
questionable role in metallogenesis. Economic Geology 102 (4), 537–576. 
Stern, C.R., Kilian, R., 1996. Role of the subducted slab, mantle wedge and continental crust in 
the generation of adakites from the Austral volcanic zone. Contributions to Mineralogy and 
Petrology 123, 263–281. 
Streck, M.J., Leeman, W.P., Chesley, J., 2007. High-magnesian andesite from Mount Shasta: A 
product of magma mixing and contamination, not a primitive mantle melt. Geology 35, 
351–354. 
Sui, Q.L., Wang, Q., Zhu, D.C., Zhao, Z.D., Chen, Y., Santosh, M., Hu, Z.C., Yuan, H.L., Mo, 
X.X., 2013. Compositional diversity of ca. 110 Ma magmatismin the northern Lhasa Terrane, 
Tibet: Implications for the magmatic origin and crustal growth in a continent–continent 
collision zone. Lithos 168–169, 144–159. 
Sun, G.Y., Hu, X.M., Sinclair, H.D., Marcelle, B.D., Wang, J.G., 2015a. Late Cretaceous 
evolution of the Coqen Basin (Lhasa terrane) and implications for early topographic growth 
on the Tibetan plateau. Geological Society of America Bulletin doi.org/10.1130/ B31137.1.  
Sun, G.Y., Hu, X.M., Zhu, D.C., Hong W.T., Wang, J.G., Wang, Q., 2015b. Thickened juvenile 
lower crust-derived ~90 Ma adakitic rocks in the central Lhasa terrane, Tibet. Lithos 
224–225, 225–239. 
Sun, S.S., MacDonough, W.F., 1989. Chemical and isotopic systematics of oceanic basalts: 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
implications for mantle composition and processes. In: Saunders, A.D., Norry, M.J. (Eds.), 
Magmatismin Ocean Basins: Geological Society of London, Special Publications, 42, pp. 
313–345. 
Volkmer, J.E., Kapp, P., Guynn, J.H., Lai, Q., 2007. Cretaceous–Tertiary structural evolution of 
the north central Lhasa Terrane, Tibet. Tectonics 26, TC6007. doi.org/10.1029/ 
2005TC001832. 
Wang, B.D., Xu, J.F., Liu, B.M., Chen, J.L., Wang, L.Q., Guo, L., Wang, D.B., Zhang, W.P., 
2013. Geochronology and ore-forming geological background of ~90 Ma porphyry copper 
deposit in the Lhasa terrane, Tibet Plateau. Acta Geological Sinica 87, 71–80 (in Chinese 
with an English abstract). 
Wang, Q., Li, X.H., Jia, X.H., Wyman, D.A., Tang, G.J., Li, Z.X., Ma, L., Yang, Y.H., Jiang, 
Z.Q., Gou, G.N., 2012. Late Early Cretaceous adakitic granitoids and associated magnesian 
and potassium-rich mafic enclaves and dikes in the Tunchang–Fengmu area, Hainan 
Province (South China): partial melting of lower crust and mantle, and magma hybridization. 
Chemical Geology 328, 222–243. 
Wang, Q., Wyman, D.A., Xu, J., Dong, Y., Vasconcelos, P.M., Pearson, N., Wan, Y., Dong, H., 
Li, C., Yu, Y., Zhu, T., Feng, X., Zhang, Q., Zi, F., Chu, Z., 2008. Eocene melting of 
subducting continental crust and early uplifting of central Tibet: evidence from 
central-western Qiangtang high-K calc-alkaline andesites, dacites and rhyolites. Earth and 
Planetary Science Letters 272, 158–171. 
Wang, Q., Zhu, D.C., Zhao, Z.D., Liu, S.A., Chung, S.L., Li, SM., Liu, D., Dai, J.G., Wang L.Q., 
Mo, X.X., 2014. Origin of the ca. 90 Ma magnesia-rich volcanic rocks in SE Nyima, central 
Tibet: Products of lithospheric delamination beneath the Lhasa-Qiangtang collision zone. 
Lithos 198–199, 24–27. 
Williams, I.S., Buick, I.S., Cartwright, I., 1996. An extended episode of early Mesoproterozoic 
metamorphic fluid flow in the Reynold Region, central Australia. Journal of Metamorphic 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
Geology 14, 29–47. 
Xin, H.B., Qu, X.M., Ren, L.K., Zhang, L.Y., 2007. The material source and genesis of 
copper-bearing bimodal rocks series in Coqin County, Western Tibet. Acta Geologica Sinica 
81, 939–935 (in Chinese with an English abstract). 
Xiong, X.L., Adam, J., Green, T.H., 2005. Rutile stability and rutile/melt HFSE partitioning 
during partial melting of hydrous basalt: Implications for TTG genesis. Chemical Geology 
218, 339–359. 
Xiong, X.L., Xia, B., Xu, J. F., Niu, H.C., and Xiao, W.S., 2006. Na depletion in modern adakites 
via melt/rocks reaction within the sub-arc mantle. Chemical Geology 229, 273–292. 
Xu, J.F., Castillo, P.R., Li, X.H., Yu, X.Y., Zhang, B.R., Han, Y.W., 2004. MORB-type rocks 
from the Paleo-Tethyan Mian-Lueyang northern ophiolite in the Qinling Mountains, central 
China: implications for the source of the low 
206
Pb/
204
Pb and high 
143
Nd/
144
Nd mantle 
component in the Indian Ocean. Earth and Planetary Science Letters 198, 323–337. 
Xu, J.F., Shinjo, R., Defant, M.J., Wang, Q., Rapp, R.P., 2002. Origin of Mesozoic adakitic 
intrusive rocks in the Ningzhen area of east China: partial melting of delaminated lower 
continental crust? Geology 30, 1111–1114. 
Xu, R.H., Schärer, U., Allègre, C.J., 1985. Magmatism and metamorphism in the Lhasa block 
(Tibet): a geochronological study. Journal of Geology 93, 41–57. 
Xu, W.L., Wang, Q.H., Wan, D.Y., Guo, J.H., Pei, F.P., 2006. Mesozoic adakitic rocks from the 
Xuzhou– Suzhou area, eastern China: Evidence for partial melting of delaminated lower 
continental crust. Journal of Asian Earth Sciences 27, 454–464. 
Yao, X.F., Tang, J.X., Li, Z.J., Deng, S.L., Ding, S., Hu, Z.H., Zhang, Z., 2013.The redefinition 
of the ore-forming porphyry’s age in Gaerqiong skarn-type gold-copper deposit, western 
Bangong Lake-Nujiang River metallogenic belt, Xizang (Tibet). Geological Review 59, 
193–200 (in Chinese with English abstract). 
Yin, A., Harrison, T.M., 2000. Geologic evolution of the Himalayan–Tibetan orogen. Annual 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
Review of Earth and Planetary Sciences 28, 211–280. 
Yin, J., Xu, J., Liu, C., Li, H., 1988. The Tibetan Plateau: regional stratigraphic context and 
previous work. Philosophical Transactions of the Royal Society of London, Series A 327, 
5–52. 
Yu, H.X., Chen, J.L., Xu, J.F., Wang, B.D., Wu, J.B., Liang, H.Y., 2011. Geochemistry and 
origin of Late Cretaceous (90 Ma) ore-bearing porphyry of Balazha in mid-northern Lhasa 
terrane, Tibet. Acta Petrologica Sinica 27, 2011–2022 (in Chinese with an English abstract). 
Yu, Y.S., Yang, Z.S., Dai, P.Y., Tian, S.H., Gao, Y., Liu, Y.C., Xiu, D., 2015. Geochronology 
and genesis of the magmatism in the Ria copper polymetallic deposit of the Nixiong orefield, 
Coqen, Tibet. Geology in China 42,118–133 (in Chinese with an English abstract). 
Zhang, K.J., Xia, B.D., Liang, X.W., 2002. Mesozoic and Paleogene sedimentary facies and 
paleogeography of Tibet: tectonic implications. Geological Journal 37, 217–246. 
Zhang, K.J., Xia, B.D., Wang, G.M., Li, Y.T., Ye, H.F., 2004. Early Cretaceous stratigraphy, 
depositional environments, sandstone provenance, and tectonic setting of central Tibet, 
western China. Geological Society of America Bulletin 116, 1202–1222. 
Zhang, K.J., Zhang, Y.X., Tang, X.C., Xia, B., 2012. Late Mesozoic tectonic evolution and 
growth of the Tibetan plateau prior to the Indo-Asian collision. Earth Science Review 114, 
236–249. 
Zhang, S., Shi, H.F., Hao, H.J., Li, D.W., Lin, Y., Feng, M.X., 2014. Geochronology, 
Geochemistry and tectonic significance of Late Cretaceous adakites in Bangong Lake, Tibet. 
Earth Science-Journal of China University of Geoscience 39, 509–524 (in Chinese with an 
English abstract). 
Zhang, S.Q., Mahoney, J.J., Mo, X.X., Ghazi, A.M., Milani, L., Crawford, A.J., Guo, T.Y., Zhao, 
Z.D., 2005. Evidence for a widespread Tethyan upper mantle with Indian-Ocean type 
isotopic characteristics. Journal of Petrology 46, 829–858. 
Zhang, X.Q., Zhu, D.C., Zhao, Z.D., Wang, L.Q., Huang, J.C., Mo, X.X., 2010. Petrogenesis of 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
the Nixiong pluton in Coqin, Tibet and its potential significance for the Nixiong Fe-rich 
mineralization. Acta Petrologica Sinica 26, 1793–1804 (in Chinese with an English abstract). 
Zhang, Y.X., Zhang, K.J., Li, B., Wang, Y., Wei, Q.G., Tang, X.C., 2007. Zircon SHRIMP U-Pb 
geochronology and petrogenesis of the plagiogranites from the Lagkor Lake ophiolite, Gerze, 
Tibet, China. Chinese Science Bulletin 52, 651–659. 
Zhang, Z., Tang, J.X., Li, Z.J., Yang, Y., Hu, Z.H., Yao, X.F., Song, J.L., Chen, W., Wang, H.X., 
Yang, H.H., 2013. Petrology and geochemistry of intrusive rocks in the Gaerqiong-Galale 
ore concentration area, Tibet and their geological implications. Geology and Exploration 49, 
676–688 (in Chinese with English abstract). 
Zhang, Z.M., Dong, X., Santosh, M., Zhao, G.C., 2014. Metamorphism and tectonic evolution of 
the Lhasa terrane, Central Tibet. Gondwana Research 25, 170–189. 
Zhao, T.P., Zhou, M.F., Zhao, J.H., Zhang, K.J., Chen, W., 2008. Geochronology and 
geochemistry of the c. 80 Ma Rutog granitic pluton, northwestern Tibet: implications for the 
tectonic evolution of the Lhasa Terrane. Geological Magazine 145, 845–857. 
Zhou, C.Y., Zhu, D.C., Zhao, Z.D., Xu, J.F., Wang, L.Q., Chen, H.H., Xie, L.W., Dong, G.C., 
Zhou, S., 2008. Petrogenesis of Daxiong pluton in western Gangdese, Tibet: zircon U-Pb 
dating and Hf isotopic constraints. Acta Petrologica Sinica 24, 348–358 (in Chinese with an 
English abstract). 
Zhu, D.C., Mo, X.X., Niu, Y., Zhao, Z.D., Wang, L.Q., Liu, Y.S., Wu, F.Y., 2009. Geochemical 
investigation of Early Cretaceous igneous rocks along an east–west traverse throughout the 
central Lhasa Terrane, Tibet. Chemical Geology 268, 298–312. 
Zhu, D.C., Zhao, Z.D., Niu, Y., Mo, X.X., Chung, S.L., Hou, Z.Q., 2011. The Lhasa Terrane: 
record of a microcontinent and its histories of drift and growth. Earth and Planetary Science 
Letters 301, 241–255. 
Zhu, D.C., Zhao, Z.D., Niu, Y.L., Dilek, Y., Hou, Z.Q., Mo, X.X., 2013. The origin and 
pre-Cenozoic evolution of the Tibetan Plateau. Gondwana Research 23, 1429–1454. 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
Figure captions 
 
Fig. 1. (a) Tectonic outline of the Tibetan Plateau; (b) Tectonic framework of the Lhasa 
terrane, showing major tectonic subdivisions, adapted from Zhu et al. (2009, 2011), and Sui et 
al. (2013); (c) Simplified geological map of the Zhongcang area, adapted from Wang et al. 
(2013). Abbreviations: BNSN = Bangong–Nujiang Suture Zone, SNMZ = Shiquan 
River–NamTso Mélange Zone, LMF = Luobadui–Milashan Fault, YZSN = Indus–Yarlung 
Zangbo Suture Zone. These diagrams incorporate data are from Zhao et al. (2008), Ma and 
Yue (2010), Lu et al. (2011), Yu et al. (2011), Zhu et al. (2011), Huang et al. (2013), Li et al. 
(2013), Wang et al. (2013, 2014), Yao et al. (2013), Liu et al. (2014), Meng et al. (2014), S. 
Zhang et al. (2014), and Yu et al. (2015). 
 
Fig. 2. (a–b) Photomicrographs showing typical textures within the Zhongcang granitoids of 
the central Lhasa subterrane. Abbreviations: Kf = K-feldspar; Bi = biotite; Pl = plagioclase. 
 
Fig. 3. Representative cathodoluminescence images of zircons analyzed in this study and a 
concordia diagram for zircons from the Zhongcang granitoids of the central Lhasa subterrane; 
the solid and dashed circles indicate the locations of LA–ICP–MS U–Pb dating spot analyses. 
 
Fig. 4. Diagram showing variations in SiO2 and K2O concentrations for Zhongcang granitoid 
samples and other Late Cretaceous igneous rocks within the central and northern Lhasa 
subterranes, and Miocene adakitic rocks in southern Lhasa subterrane. Data sources: adakitic 
rocks in Azhang, Sun et al. (2015b); granites in Gaerqiong and Galale, Lu et al. (2011), and 
Zhang et al. (2013); bimodal rocks in the Coqin, Qu et al. (2006), and Xin et al. (2007); 
granodiorite and enclaves in the Mamba, Meng et al. (2010, 2014); andesite and dacite in 
Zhougapu, Wang et al. (2014); adakitic rocks in Rutog, Zhao et al. (2008), Ma (2013), Wang 
et al. (2014), and S. Zhang et al. (2014); Miocene adakitic rocks in southern Lhasa subterrane, 
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Hou et al. (2004), and Qu et al. (2004).   
 
Fig. 5. Harker diagrams showing variations in major element concentrations against SiO2 for 
the Zhongcang granitoids, other Late Cretaceous igneous rocks, and Miocene adakitic rocks 
within the Lhasa terrane. Data sources are as in Fig. 4. 
 
Fig. 6. Chondrite-normalized REE and primitive-mantle-normalized multi-element variation 
diagrams for the Zhongcang granitoids and other Late Cretaceous igneous rocks within the 
Lhasa terrane. Normalizing values are from Sun and McDonough (1989), and data sources are 
as in Fig. 4. 
 
Fig. 7. Diagrams of (a) Sr/Y vs. Y (after Defant et al., 2002), and (b) (La/Yb)N vs. YbN (after 
Defant and Drummond, 1990; Petford and Atherton, 1996), including adakite and 
intermediate-felsic island arc compositional fields. Data sources and symbols are as in Fig. 4. 
 
Fig. 8. Diagrams showing variations in MgO, Cr, and Ni concentrations and Mg# values 
against SiO2 concentrations for the Zhongcang granitoids. Fields showing the compositions of 
rocks derived from subducted oceanic crust, of rocks derived from delaminated lower crust, 
and of metabasaltic and eclogite experimental melts are after Chen et al. (2013). Data sources 
are as in Fig. 4. 
 
Fig. 9. 
87
Sr/
86
Sr(i) vs. Nd(t) diagram for the Zhongcang granitoids and other igneous rocks 
within Tibet. Data sources are as follows: Yarlung Zangbo Ophiolite, Xu et al (2004), and 
Zhang et al. (2005); Cenozoic subducted-oceanic-crust-derived adakites, Defant et al. (1992), 
Kay and Kay (1993), and Stern and Kilian (1996); adakitic rocks thought to be derived from 
delaminated lower crust, Xu et al. (2002, 2006), and Gao et al. (2004); Early Cretaceous 
granodiorite, dacite, and dioritic enclaves within the central Lhasa subterrane, Zhou et al. 
(2008), Zhu et al. (2009), Zhang et al. (2010), and Chen et al. (2014); other data sources are as 
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in Fig. 4. 
 
Fig. 10. Diagrams of (a) εNd(t) versus Y; (b) εNd(t) versus Sr/Y; (c) (
87
Sr/
86
Sr)i versus Sr/Y; (d) 
SiO2 versus Eu
#
; (e) SiO2 versus Sr; (f) La versus La/Yb (based on Chung et al., 2009) for 
units within the study area. Early Cretaceous granodiorite, dacite, and dioritic enclaves within 
the central Lhasa subterrane, Zhou et al. (2008), Zhu et al. (2009), Zhang et al. (2010), and 
Chen et al. (2014); other data sources and symbols are as in Fig. 4. 
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Figure 10 
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Highlights 
1. The Zhongcang granitoids have adakitic rocks affinities. 
2. The adakitic rocks were likely produced the delaminated lower crust.  
3. The adakitic rocks implies the crustal thickening during Late Cretaceous. 
